Non-B DNA structures are abundant in the genome and are often associated with critical biological processes, including gene regulation, chromosome rearrangement and genome stabilization. In particular, G-quadruplex (G4) may affect alternative splicing based on its ability to impede the activity of RNA polymerase II. However, the specific role of non-B DNA structures in splicing regulation still awaits investigation. Here, we provide a genomewide and cross-species investigation of the associations between five non-B DNA structures and exon skipping. Our results indicate a statistically significant correlation of each examined non-B DNA structures with exon skipping in both human and mouse. We further show that the contributions of non-B DNA structures to exon skipping are influenced by the occurring region. These correlations and contributions are also significantly different in human and mouse. Finally, we detailed the effects of G4 by showing that occurring on the template strand and the length of G-run, which is highly related to the stability of a G4 structure, are significantly correlated with exon skipping activity. We thus show that, in addition to the well-known effects of RNA and protein structure, the relative positional arrangement of intronic non-B DNA structures may also impact exon skipping.
INTRODUCTION
Alternative splicing, the selective removal of introns and reconnection of exons by multiple processes, is generally accepted to be coupled with transcription. Two prevailing models have been proposed to explain the coupling between alternative splicing and transcription: the recruitment model and the kinetics model (1) . The recruitment model suggests that splicing factors are recruited to transcription sites by the transcription machinery, including RNA polymerase (2) , the Mediator complex (3) and coactivators (4) , thereby executing their functions. The kinetic model states that the rate of RNA polymerase II (Pol II)-mediated elongation influences splicing outcome (1) . For example, sequences flanking alternatively spliced exons could be bounded by small interfering RNA, and the binding event leads to changes in chromatin structure, reduction of Pol II elongation efficiency and eventually the production of different splice variants (5) . Numerous other studies have found that changing Pol II elongation rate resulted in different splice products (6) (7) (8) (9) (10) , further supporting kinetic coupling. Although the kinetic coupling model has thus provided a convincing explanation for the production of splice variants, our understanding of the specific mechanism that describes how Pol II elongation influences alternative splicing is still far from being comprehensive.
Most researches on splicing regulation are from the perspectives of RNAs and proteins. There is, however, increasing evidence that noncanonical DNA structures, coined non-B DNA structures, have functional roles in several biological processes, such as gene expression regulation (11, 12) and chromosomal rearrangements (13) . Particularly, G-quadruplex (G4), a four-stranded non-B DNA structure characterized by multiple G-runs (i.e. consecutive guanines longer than three nucleotides) and short loops (14) , has recently been observed to impede Pol II activity during transcription (15) . Moreover, frequent presence of G4 immediately after the 3 0 end of genes suggests that G4 may be involved in the termination of Pol II transcription (16) . Coincidentally, Pol II has been reported to pause at 3 0 splice sites and 3 0 most exons to ensure splicing before releasing the transcript (17, 18) . These observations therefore lead to the speculation that G4 is associated with alternative splicing.
Kostadinov et al. observed that G4 frequently exists near alternative splice sites (19) , which reside in the flanking regions of exons. Furthermore, in human p53, presence of G4 in the third intron could regulate the splicing of the second intron (20) . These studies indicate the possibility that G4 plays a role in producing alternatively spliced transcripts. However, the detailed involvement of G4 is elusive, and whether the association between G4 and alternative splicing is universal in mammals remains unclear. In addition to G4, other non-B DNA structures (i.e. cruciform DNA, triplex DNA, slipped DNA and Z-DNA) have also been reported to be abundant in the genome (21) (22) (23) (24) (25) . These non-B DNA structures have the capability to arrest the transcription process (26) (27) (28) , possibly by influencing Pol II (29) . As recent literature suspects that G4 may reduce Poll II activity through structural blockage (15, 19, 20) , it is worth investigating whether these other non-B DNA structures (with the potential to form a structural obstacle for Pol II) are also associated with alternative splicing, and if so, whether these non-B DNA structures have similar properties as G4 in affecting alternative splicing.
In this study, we conducted a genome-wide investigation to study the associations of these above-mentioned non-B DNA structures with exon skipping, the most common mode of alternative splicing. To the best of our knowledge, this is the first genome-wide investigation of the associations between non-B DNA structures and exon skipping across mammals. By analyzing the distributions of non-B DNA-forming sequence motifs in human and mouse genomes, we demonstrated that the existence of non-B DNA structures at flanking sequences of alternatively spliced exons is significantly correlated to exon skipping. Moreover, our results showed that the associations of non-B DNA structures with exon skipping might be influenced by the position of non-B DNA structures relative to the exon. Interestingly, we found that the associations between non-B DNA structures and exon skipping may be species-specific. In human, non-B DNA structures tend to have a stronger association with exon skipping in the upstream intron than the downstream intron. In mouse, conversely, non-B DNA structures in the downstream intron have stronger association than in upstream. In addition, we found that the length of G-run, a factor previously thought to enhance the stability of G4 structure (30) , is correlated with the exon skipping activity. Altogether, we show that, on top of the wellstudied RNA and protein structure, the position of these non-B DNA structures also might be critical in splicing determination.
MATERIALS AND METHODS
Data collection and non-B DNA structure identification NCBI36 human assembly and NCBI m35 mouse assembly were used in this study. We collected introns of cassette exons (skipped exons), the most common form of alternative splicing, from the Alternative Splicing and Transcript Diversity database (ASTD database, release 1.1, build 9) (31). To avoid potential bias and to simplify the analysis, duplicated entries, overlapped entries or entries with more than three exons were removed. Finally, 18 533 cassette exon cases in human and 9477 cases in mouse were used in this study. We also collected 106 499 human and 127 372 mouse constitutive exons (i.e. all the annotated exons except alternatively spliced exons such as cassette exon, mutually exclusion, exon isoform, intron isoform and intron retention) from the ASTD database for comparison.
Following Cer et al. (32) , occurrences of five non-B DNA structures (cruciform DNA, triplex DNA, slipped DNA, G4 and Z-DNA) were identified through scanning these introns using the sequence motifs and criteria as described in Table 1 . Notably, overlapped occurrences were excluded from our analyses to avoid statistical bias. Moreover, to avoid potential bias on the association with exon skipping from polypyrimidine tract to triplex DNA structure, which is also pyrimidine-rich, we excluded the identified triplex DNA that overlapped with polypyrimidine tract in the subsequent analyses. The polypyrimidine tract was defined as a 20-bp region containing no more than five purines and located within a 40-bp region of the 3 0 end of an intron (33) .
Statistical analysis
For each non-B DNA structure, all the cassette exons with non-B DNA occurrences were grouped based on the region (in upstream or downstream intron) of non-B DNA structures. We calculated the proportion of alternative skipped exons in each group, and compared the proportions with the background exon skipping probability. The background exon skipping probability was defined as the proportion of alternative skipped exons in all the exons that have both upstream and downstream introns. The probability is 0.148 and 0.069 for human and mouse, respectively. To investigate whether occurring on the different strand plays into the association between non-B DNA structure and exon skipping, the occurrences of G4 in template or non-template strands were discussed independently. Similarly, we studied the association between exon skipping and G-runs within G4 motifs. The length of the longest G-run within G4 motifs in every intron was calculated. The G4-containing cassette exons were then grouped by G-run occurrence strand (on the template strand or non-template strand), region (on the downstream or upstream intron) and the G-run length. Similarly, the proportions of alternative skipped exons were calculated and compared with the background exon skipping probability.
The potential associations between non-B DNA occurrences and exon skipping are evaluated by partial Pearson correlation coefficient, controlling for intron length. Partial correlation measures the relationship between two variables, x and y (e.g. non-B DNA occurrence and exon skipping), when conditioning on other variables, z (e.g. intron length). The partial correlation of x and y adjusted for z is defined as the correlation between residuals of x and y after regressed on z.
To evaluate the significance of the association between exon skipping and non-B DNA structure, we also compared the occurrence frequencies of non-B DNA on introns of alternative and constitutive exons. The numbers of introns having non-B DNA occurrences for alternative and constitutive exons were calculated and compared by one-sided two-sample proportion test.
Furthermore, to assess the relative contributions of the five non-B DNA structures to exon skipping, we constructed the following multiple logistic regression model,
where y i = 1 represents the i-th sample that is alternatively spliced and y i = 0 represents the i-th sample that is not; X ij denotes the value of j-th feature of i-th sample; 0 is an intercept term and j is the effect of the j-th variable. The 12 variables are (i) upstream intron length, (ii) downstream intron length, (iii) five variables for the number of non-B DNA occurrences in the upstream intron and (iv) five variables for the number in the downstream intron. We evaluated the model and the individual contribution of the predictors based on the regression coefficients, which represent the impact of the logit for each unit change in the predictor. Wald z-statistic was used to assess the significance of each predictor. All the statistical analyses were conducted in the R statistical package version 2.15.1.
RESULTS

Non-B DNA occurrences are significantly associated with exon skipping
We identified the motif occurrences of the five non-B DNA structures (G4, cruciform DNA, triplex DNA, slipped DNA and Z-DNA; see Table 1 ) in the flanking introns of cassette exons to study their relationship with exon skipping (detailed in 'Materials and Methods' section). Our investigation considered the region (upstream or downstream) of all non-B DNA structures, and the strand (template or non-template) of G4. Both region and strand were not explored in previous studies (15, 16) . For each combination of non-B DNA occurrence, strand and region, we evaluated the partial Pearson correlation between non-B DNA occurrence and exon skipping adjusting for intron length (detailed in 'Materials and Methods' section), which has been indicated to be associated with exon skipping (34, 35) . The results show that, in human, most non-B DNA structures are more significantly correlated with exon skipping in upstream introns than in downstream introns (Table 2) . However, non-B DNA structures in mouse, particularly G4, show more significant correlations to exon skipping in downstream introns rather than upstream. Interestingly, in both human and mouse, the correlation with exon skipping of G4 is significant only when residing on the template strand. Likewise, cruciform DNA and slipped DNA in upstream introns show significant correlations with exon skipping, but their significance drop when occurred in downstream introns. In human, only triplex DNA remains unaffected by occurrence region, showing consistently significant associations to exon skipping in every position. These observations suggest that the associations of non-B DNA structures with exon skipping vary in different positions and in different species. Next, we asked whether the frequency of exon skipping is significantly higher when non-B DNA structures are present. Comparing the proportions of alternative skipped exons with the background exon skipping probability, we found that introns containing non-B DNA occurrences tend to have a higher exon skipping probability than the background, both in human and mouse (Figure 1) . Moreover, in agreement with the results from the partial Pearson correlation (Table 2) , in human, non-B DNA occurrences located in the upstream tend to have a stronger association with exon skipping. In mouse, however, non-B DNA occurrences located in the downstream have a stronger association (Figure 1 ). Taken together, presences of non-B DNA structures are associated with exon skipping in a position-specific manner. Furthermore, we asked whether the proportion of introns having non-B DNA occurrences is significantly higher in alternative than constitutive exons. To avoid potential bias of intron length, here we focused only on the non-B DNA occurrences located within 500 bp upstream or downstream of an exon. Comparing with constitutive exons, we found that for each non-B DNA occurrence in upstream or downstream intron, regardless of in human (Table 3) or mouse (Supplementary Table  S1 ), the proportion is significantly higher in alternative exons than in constitutive exons (P < 0.001 by one-sided two-sample proportion test). The results agree with our findings that the presence of non-B DNA occurrences is significantly associated with exon skipping, and hence highlight the importance of non-B DNA structure in the flanking introns of skipped exons.
The relative contributions of non-B DNA occurrences to exon skipping are species-specific
We demonstrated the significant associations between non-B DNA occurrences and exon skipping (Figure 1 , Tables 2 and 3 ), but their relative contributions to exon skipping is still unclear. We therefore applied a multiple logistic regression to assess the effects of the non-B DNA structures and the length of introns to exon skipping ( Table 4 ). The results show that the majority of non-B DNA occurrences (except upstream triplex DNA, downstream G4 and downstream slipped DNA) contribute significantly to exon skipping in human. Particularly, Figure 1 . Relationship between non-B DNA structures and exon skipping. The x-axis represents the number of each non-B DNA structure in specified genomic loci, and the y-axis represents the percentage of observed exon skipping. Background probability is plotted as a horizontal dashed line. Partial Pearson correlation coefficient test was used to obtain the P-value. *P < 0.01, **P < 0.001 and ***P < 0.0001.
upstream G4 is the most significant. In mouse, however, only downstream G4 and downstream triplex DNA contribute significantly to exon skipping. These results highlight again the position-specific properties of non-B DNA structures in affecting exon skipping, especially G4. In human, G4 is associated with exon skipping only when presented in the upstream intron instead of downstream intron; in mouse, on the other hand, G4 is correlated with exon skipping only when present in the downstream intron. We therefore suggest that the contributions of non-B DNA structures to exon skipping are not only position-specific but also species-specific.
G-run length in G4 as a contributor to exon skipping
To examine the relationship between G4 and exon skipping in detail, we further analyzed G-run. G-run length has been shown experimentally to be important in enhancing formation rate and stabilizing structure of G4 (30) . Shortening of G-run length dramatically reduces the melting temperature of G4 (30) . Therefore, it is interesting to examine the relationship between G-run length and exon skipping activity. We identified G4-containing cassette exons and grouped them based on the G-run occurrence strand, region and maximum G-run length. We found that most of the G4-containing cassette exons have higher exon skipping proportion than the background exon skipping probability in both human and mouse ( Figure 2) . Moreover, significant correlation between G-run length and exon skipping was observed (Figure 2 , partial Pearson correlation test, P = 3.5 Â 10 À11 ). Interestingly, when the G-run length is nine on the template strand, a drop below the background level was observed in human (in mouse the drop occurs when G-run length is 10 on the nontemplate strand).
DISCUSSION
We examined potential roles of five non-B DNA structures (G4, cruciform DNA, triplex DNA, slipped DNA and Z-DNA) that have the capability to impede transcription (26) (27) (28) in splicing regulation. Our results indicate that, in addition to the well-known RNA and protein structure, non-B DNA structures may also contribute significantly to exon skipping, thus providing a new perspective for studying the regulation of alternative splicing. We also built-on and broadened the understandings of the relationship between alternative splicing and G4 (19, 20) . Moreover, we found that specific region of non-B DNA structures ( Figure 1 ) and length of G-run length (Figure 2 ) are particularly important in determining the contributions of non-B DNA structures to exon skipping.
It has been suggested that G4 could block Pol II activity during transcription elongation (15) . Also, G-runs have long been identified to be an important sequence element in both DNA and RNA, which interact with splicing factors, such as heterogeneous nuclear ribonucleoprotein (hnRNP) H and hnRNP F family (36) (37) (38) (39) (40) . Moreover, the occurrence of a G4 motif may correspond to the formation of G4 structures not only in DNA, but also possibly in RNA (41) . It is therefore not difficult to conjecture that G4s may serve dual roles, as structural blockages for Pol II and recognition sites for mRNA splicing factors. Interestingly, recent studies indicated that R-loop (RNA-DNA hybrid structure characterized by G-rich nascent RNA base pairing with a C-rich template strand of DNA) plays a similar role in exacerbating transcription blockage (42) and is involved in alternative splicing (43) . Despite these advances, the mystery of their functions in vivo remains unresolved. A challenge here is that Rloop and G4 share a similar sequence property, i.e. Grich, therefore it is computationally difficult to distinguish one from the other solely from sequence-based analysis or even with experimental approaches. Another caveat in this study involves the use of sequence-based motifs in our computational prediction of structural occurrences. Current understanding of G4 blockage revolves around its 3D structure. However, the use of 3D structure is difficult in a genome-wide in silico study because kinetics of structural formation differs between cell types and 
À5
Significant regression coefficients (P < 0.01) are marked in bold and asterisk. *P < 0.01, **P < 0.001 and ***P < 0.0001.
developmental stages. Predicted Z-DNA loci and the binding loci of Za domain of ADAR1, which displays high specificity for Z-DNA, only partially overlap (44) . Precise prediction requires immense amount of data, including chromatin modification, supercoiling, replication, repair and transcription, which, collectively, is currently unavailable. We thus compromised by using sequence motifs because non-B DNA structures have well-characterized motifs, and some of them are directly defined by their sequence motifs (45) . Therefore, while the 3D structure occurrence was not experimentally identified, motif-based prediction is still a good reflection of the presence of the actual structures. In addition to G4, triplex DNA is another non-B DNA structure that consistently shows significant associations to exon skipping in most of the positions in human (Table 2) . In fact, a study has indicated that triplex is involved in RNA processing (46) . Although the effect of triplex DNA on alternative splicing is still unclear, five alternative splicing-related hnRNP proteins (47) have been found experimentally to interact with triplex DNA (48) . Moreover, a recent study suggests that intron selfsplicing may be associated with enzymatic triplex DNA (49) . The formation of triplex DNA could even prevent binding and activation of RNA-dependent protein kinase, and subsequently influence the synthesis rate of proteins (50, 51) . In addition to DNA structures, which could inhibit Pol II, recent evidence also suggests a role for higher-order chromatin structure in splicing outcomes (5) . Allo´et al. hypothesized that particular chromatin structures may prevent Pol II elongation, and the delay in elongation could, in turn, provide more time for the recruitment of splicing factors and recognition of a splice site. Their results demonstrate that higher levels of heterochromatin marks, which are triggered by small interfering RNAs, could result in alternative splicing (5) . Those observations support the kinetic model hypothesis of the association between alternative splicing and the dynamics of elongation rate.
Taken together, our work introduced the general non-B DNA structure in alternative splicing, and laid grounds for investigation on the associations of non-B DNA structures with exon skipping. Moreover, their contribution to exon skipping may be heavily influenced by occurrence region, which are spatially important for any structural interactions. We suggested that as Pol II is transcribing, non-B DNA structures represent structural obstacles that hamper the transcription process, and eventually result in exon skipping. In fact, non-B DNA structures that occurred closer to exons tend to lead a higher possibility to exon skipping (Details in Supplementary Figure S1 ). As the proportion of introns having non-B DNA occurrences Figure 2 . Relationship between the maximum G-run length in G4 and exon skipping. The x-axis represents the length of the longest G-run within G4, and the y-axis represents the percentage of observed exon skipping. Background probability is plotted as a horizontal dashed line. is higher in alternative than constitutive exons (Table 3) , the majority of the proportion differences also are increasing when approaching exons (Details in Supplementary Figure S2 ). These observations further support the kinetic model hypothesis, and imply that non-B DNA structures, which affect exon skipping, may tend to occur close to the exons. Moreover, there are positions in which non-B DNA structures have significant potential to interfere with exon skipping, while some positions lack the potential to affect exon skipping. From the perspectives of the kinetic model, the insignificance under particular positions may be due to (i) the structures lacking the ability to impede Pol II during elongation, or (ii) those non-B DNA structures being transiently formed in vivo. Further experimental studies may be required to examine the suggested association of non-B DNA structures in exon skipping, as well as to elucidate underlying mechanisms.
Another possible explanation to the identified association is that specific proteins may recognize non-B DNA motifs, instead of non-B DNA structure, and then influence or interact with splicing factors. For example, the occurrences of Z-DNA motif in the human and mouse genomes are usually AC/TG repeats, which could be recognized by DNA-binding proteins, such as RAP1 and NDT80, in which the binding motifs are AC/TG-rich. However, our preliminary analysis of six AC/TG-rich motifs merely shows weak enrichments within identified Z-DNA regions (Details in Supplementary Table S2 ). To the best of our knowledge, there is no current literature or experiments that provide evidence on proteins that influence alternative splicing through binding to non-B DNA motifs. We nonetheless believe further experiments, such as chromatin immunoprecipitation experiments, may provide advance information to reveal the proposed scenario.
While our hypothesis specifically focuses on the kinetic coupling model of co-transcriptional splicing, non-B DNA structures may also have an impact under the recruitment coupling model, which has been extensively studied and suggested to regulate alternative splicing (1, (52) (53) (54) (55) . The presence of non-B DNA structure may alter the chromosomal state, and thus lead to a spatial hindrance that affects the recruitment of splicing factors to the RNA polymerase complex. In fact, the formation of non-B DNA structure is influenced by local superhelical density, transcriptional status and chromatin factors, which are temporal and condition-specific (56) . For example, negative supercoiling has been demonstrated to assist the structural transition from B-DNA to non-B DNA (57, 58) , which vary depending on chromosomal state and transcriptional process (59) . Accordingly, it is reasonable that non-B DNA structures form dynamically according to the changing environments. The current model we proposed is under the assumption that non-B DNA motifs would form non-B DNA structures under unchanging condition, ignoring the potential dynamic and temporal effects from regulatory and chromosomal factors. Although this assumption may possibly reduce the significance of our model, our investigation was limited by the incomplete and the scarcely available genome-wide data of the loci of non-B DNA structure in vivo and in dynamic conditions. Nevertheless, we anticipate that these computational results will bring insights to the functionalities of non-B DNA structures. Future models that illustrate a more comprehensive picture of how non-B DNA structures impact alternative splicing can be addressed as more integrative data on the global and dynamic information of chromosomal factors and regulators become available.
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